To obtain enhancement and wavelength tuning of the magneto-optical (MO) response associated with the localized surface plasmon resonance (LSPR), bismuth-substituted yttrium iron garnet (Bi:YIG) composite films with Ag particles and Au-Ag alloy particles were studied. The Bi:YIG composite film with Ag particles did not show any enhancement of Faraday rotation. On the contrary, the Bi:YIG composite films with Au-Ag particles exhibited the enhancement of the MO response for different wavelengths of LSPR. We observed the enhanced Faraday rotation for the Bi:YIG/Au-Ag composite films with volume ratios of Ag up to 0.6. In addition, when changing the volume ratio of Ag, the peak of rotation shifted to short wavelengths. Disappearance of enhancement for the Bi:YIG/Ag composite film can be addressed to modifying the interfacial medium between the MO host and Ag. Since chemically active Ag particles can form nonmagnetic Ag compound shells separating Bi:YIG and the plasmonic subsystem, the LSPR of Ag particles did not affect the MO response. The Au-Ag alloy particles were chemically stable in the Bi:YIG/Au-Ag composite films.
Introduction
Bismuth-substituted yttrium iron garnet (Bi:YIG) 1, 2) is a well-known magneto optical (MO) material for visible and infrared light regions. However, the MO response of thin Bi:YIG film, which can be useful for compact optical devices, is not that large. One method to obtain large MO response is to utilize a periodic structure that is called as a magnetophotonic crystal 3) . Employing localized surface plasmon resonance (LSPR) for noble metallic particles is also other way to enhance MO response 4) . When the metallic particles exciting the LSPR are embedded in a MO material, influence of near field to the host MO material in the close vicinity of the particles will be expected. In fact, MO responses associated with plasmon were reported about theoretical study 5) , multicore-shell structure 6) , YIG/Au granular film 7) . We demonstrated enhancement of Faraday rotation for Bi:YIG composite films with Au particles 8) , where the Au particles were fabricated by heating Au thin films. Spectral position of LSPR depends on material and size of particles. We have recently reported that particles with large sizes provide small influence on the MO response 9) . Fabrication of Ag particles supporting LSPR is demonstrated 10) ; spectral position of LSPR significantly shifts to shorter wavelength as compared with that for Au particles.
In this article, tuning the LSPR wavelength and enhancement of MO response are explained. We fabricated Ag particles and Au-Ag alloy particles by a repetitive formation method, and then they were embedded in the magneto-optical Bi:YIG films. Optical and MO responses of the composite films were examined.
Experimental
We prepared particles of Au, Ag and Au-Ag alloys on quartz substrates by heating thin films. Au and Ag thin films were formed by using a DC magnetron sputtering system (Sanyu, SC-701MC), then they were heated for formation of particles in air or in Ar atmosphere. After the first particle formation, the second thin film was deposited on it; this sample was heated again for formation of particles. Finally, the resultant particles were covered by Bi:YIG (Bi0.5Y2.5Fe5OX) by a RF magnetron sputtering system (Shimazu, HSR-551S); it was heated at 750 °C for crystallization of garnet.
A field-emission scanning electron microscope (FE-SEM, Jeol, JSM-6700) was used to observe the samples. Transmission spectra and magneto-optical Faraday rotation angle were measured by a spectrophotometer (Shimazu, UV-3150) and a magneto-optical measurement system (Neoark, BH-M600VIR-FKR-TU), respectively.
3. Results and discussion 3.1 Bi:YIG/Ag composite films Fig. 1 (a) shows Ag particles fabricated from 5 nm-thick Ag film on 80 nm-thick Bi:YIG film deposited on a quartz substrate. The Ag particles were formed by heating at a temperature of 500 °C for 3 min in Ar gas atmosphere. Mean size of the fabricated Ag particles was about 70 nm. On the Ag particles, the second 80-nm-thick Bi:YIG film was deposited and the whole quartz substrate/Bi:YIG/Au particles/Bi:YIG structure was heated at 750 °C for 20 min to crystallize the garnet. Fig. 1 (b) shows transmittance and Faraday rotation spectra of the sample. One can see two attenuations: a strong attenuation below 550 nm is addressed to the s-d charge transfer transition of Bi:YIG 1, 2) and another attenuation is LSPR band with the minimum at 750 nm. However, Faraday rotation spectrum showed no enhancement at the wavelength of the LSPR band.
This observation contradicts to the results for the Bi:YIG/Au composite films 4, 8, 9) . Since Ag is chemically active material, plasmonic Ag particles were separated from Bi:YIG by nonmagnetic Ag compounds. This can switched off contribution of LSPR to the MO response through near-fields generated in inner plasmonic Ag particles. Experimental data shown in Fig. 2 are in favor of this. Intensity of LSPR band decreased, if the sample was subjected to long-time heating at the temperature of 750 °C needed for crystallization of Bi:YIG. Obviously, metallic Ag particles gradually changed to Ag compounds, which do not support LSPR. Disagreement of wavelengths of the LSPR bands in Fig. 1 and 2 was induced by low temperature heating at 500 °C for the particle formations, since particles formed by low temperature tended to have the LSPR in long wavelength region with large deviation 4, 9) . How can we prevent forming the compound shells around Ag particles? Contribution of LSPRs in Au-Ag alloy particles is considered below.
Tuning of MO response of the Bi:YIG/Au-Ag alloy particles
To change the spectral position of LSPR and to enhance Faraday rotation, we used Au-Ag alloy particles in the Bi:YIG host matrix to reduce chemical reaction. We fabricated the Au-Ag alloy particles by the repetitive formation method, which is useful to prepare alloy particles with various compositions by controlling film thicknesses. However, uniformity of composition of individual particles is not controlled. Fig. 3 shows SEM images of fabricated particles on quartz substrates by heating at 1000 °C for 10 min in air, whose temperature is suitable for formation of Au particles having the LSPR at short wavelength with small deviation. Fig. 3 (a) shows Au particles formed by using 5 nm-thick Au film, (b) Ag particles by using 5 nm-thick Ag film. Fig. 3 (c) shows Au-Ag particles fabricated by the first Au particle formation and following the second Ag particle formation using same 5 nm thick-films. Fig. 3 (d) shows a result of opposite formation procedure, e.g., the first Ag particle formation and the second Au particle formation.
We obtained secondary electron images (SEI) by SEM (Fig. 3) , whose contrast was associated not only with surface topography but also with particles' composition. Since all particles in Fig. 3 (a) show similar contrast, one can conclude that they have same composition. On the other hand, Fig. 3 (b) shows that there were Ag particles with weak and strong intensities. They may have different compositions because heating procedure at 1000 °C in air can produce Ag compounds, for example, Ag oxide. Weak intensity particles may correspond to mostly oxidized Ag. Au-Ag particles seen Fig. 2 Transformation of the transmission spectrum of a Bi:YIG/Ag composite film subjected to long-time heating at 750 °C. The same fabrication procedure for the sample as shown in Fig. 1 was used.
in Fig. 3 (c) also had different intensities. Owing the repetitive particle formation, some of particles can have a structure of Au-Ag alloy formed by deposited Ag on Au particles. However, the small particles (with small contrast) may not include Au because they were created by only Ag film deposited on quarts substrate. Fig. 3 (d) was more complicated. One can see small particles with the strong intensity, which are located on particles with the weak intensity (indicated by arrows). Based on the results of SEM observations, it is most probable that silver oxide shells formed in the first process prevented alloying Au to Ag during the second fabrication step. Fig. 4 shows transmittance spectra of the fabricated samples shown in Fig. 3 . Minima of the LSPR band for the Au particles ( Fig. 3 (a) ) and Ag particles (b) were 516 nm and 426 nm, respectively. For the Au-Ag particles (Fig. 3 (c) ), the LSPR minimum was 503 nm. Because the wavelength of 503 nm (Fig. 4) was located between two LSPR minima of the Au and Ag particles, the fabricated particles can have a structure of Au-Ag alloy. However, the shift of the LSPR position from that of the Au particles is small, so this shows that the volume ratio of Ag in the alloy particles is also small. On the other hand, the fabricated particles (Fig. 3 (d) ) showed two LSPR bands at 426 nm and 508 nm in the transmittance spectrum. The wavelength of 426 nm is in agreement with the LSPR of Ag particles; the wavelength of 508 nm is close to that of Au particles. Obviously the Au and Ag cannot alloy using the fabrication procedure under discussion (see the SEM images in Fig. 3 (d) ]. Separation of Ag and Au may be influenced by high temperature heating at 1000 °C in air. Alloying Au and Ag can be done in vacuum and at lower temperatures.
In order to decrease oxidation of Ag, we prepared the Bi:YIG composite film with the Au-Ag alloy particles using the repetitive formation by heating at 1000 °C for Au and by heating at 500 °C for Ag. Fig. 5 (a) and (b) show transmittance and Faraday rotation spectra of these composite films; thicknesses of Au and Ag films are indicated for each spectrum. Plot (c) analyses data of (a) and (b) and shows dependencies of the LSPR and the Faraday rotation angle versus the Ag volume ratio in the Au-Ag alloy particles. The Ag volume ratio was calculated from the thicknesses of the films, dAg/dAu+Ag. With increasing the Ag volume ratio from 0 to 0.5, the LSPR band shifted to short wavelength region from 623 to 550 nm. However, in the Ag volume ratio of more than 0.5, the shift of the LSPR band did not show the linear behavior. This may be due to formation of compound Transmittance spectra of the samples discussed in Fig. 3 . The order of fabrication and thicknesses of metals are shown. layer between the alloy particles and the Bi:YIG. In the Faraday rotation, the estimated change of Faraday rotation angle at the LSPR band from an original Bi:YIG rotation curve increased with increasing the Ag volume ratio (Fig. 5 (c) ).
Conclusions
The optical and magneto-optical responses of Bi:YIG/Ag and Bi:YIG/Au-Ag alloy composite films were studied. In the case of Bi:YIG/Ag composite films, the Faraday rotation spectrum did not show any enhancement. It can be caused by the Ag compound shell layers formed on the chemically active Ag particles by using surrounding Bi:YIG matrix, which separated Bi:YIG and plasmonic Ag subsystem. For the Bi:YIG/Au-Ag alloy composite films, the spectral position of the LSPR band changed. Furthermore, the enhancement of Faraday rotation was obtained at the LSPR band. We demonstrated a new approach to tune the MO response of Bi:YIG/Au-Ag alloy composites. 
